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SEM  STUDIES  OF  MAGNETIC  DOMAINS 
IN  AMORPHOUS  METALS 
Section  1 
BACKGROUND 


Amorphous  Metals 


Melt-spun  ribbons  of  amorphous  magnetic  alloys,  particularly  alloys  of  transition 
metals  such  as  Fe,  Ni,  and  Co  with  metalloids  such  as  B,  Si,  and  C,  have  been  under 
intensive  study  for  several  years.  Their  lack  of  grain  structure  and  of  magneto¬ 
crystalline  anisotropy  allows  the  attainment  of  excellent  soft  magnetic  properties.  In 
addition,  they  exhibit  high  mechanical  strength  and  hardness  and,  in  some  cases,  high 
corrosion  resistance.  As  a  result,  these  newly-available  materials  are  being  evaluated 
for  various  magnetic  and  magnetomechanical  applications.  Although  their  largest- 
volume  application  may  eventually  be  as  core  materials  in  distribution  transformers,  in 
the  near  future  they  appear  likely  to  be  used  primarily  in  high-frequency  and 
electronic  applications  and  as  transducers  and  sensors,  e.g.,  sonar  sensors  for  the 
Navy. 

An  important  feature  of  amorphous  magnetic  alloys,  not  yet  fully  exploited,  is 
that  their  technical  magnetic  properties  can  be  varied  over  a  wide  range  by  variations 
in  annealing  and  processing  history.  These  variations  produce  different  distributions  of 
magnetic  anisotropies  and  magnetic  domain  structures,  resulting  in  variations  in  ac 
losses,  permeability,  coercivity,  magnetostriction,  etc.  Magnetic  domain  structures 
are  determined  largely  by  the  specimen  shape  and  by  the  orientation,  symmetry,  and 
magnitude  of  the  magnetic  anisotropies  present.  In  amorphous  metals,  these  aniso¬ 
tropies  usually  result  from  magnetic  annealing  and/or  from  internal  or  applied  stresses 
interacting  with  magnetostriction. 


For  60-Hz  transformer  applications,  ribbons  have  usually  been  annealed  in  a 
longitudinal  field  to  produce  longitudinal  anisotropy,  i.e.,  a  low-energy  or  "easy" 
magnetic  axis  along  the  ribbon  length.  This  can  produce  high  permeabilities,  low 
coercivities,  and  square-loop  magnetic  behavior.  Magnetization  in  longitudinal  field 
occurs  primarily  by  the  motion  of  180°  domain  walls.  Eddy-current  losses  are 
proportional  to  the  average  domain  width,  which  can  be  1  mm  or  more,  and  may  be 
nearly  100  times  higher  than  classically-calculated  eddy-current  losses. 
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Transverse  anisotropy,  i.e.,  an  easy  axis  parallel  to  the  ribbon  width,  produces 
maximum  magnetomechanical  coupling  and  is  therefore  of  interest  for  transducer  and 
sensor  applications.  Magnetization  in  longitudinal  field  occurs  primarily  by  rotation 
rather  than  by  domain-wall  motion.  Eddy-current  losses  are  low,  approaching  the 
classical  limit,  and  hence  transverse  anisotropy  is  also  of  interest  for  high-frequency 
applications.  However,  magnetostrictive  length  change  is  maximum,  and  the  magnetic 
hysteresis  loop  is  sheared,  i.e.,  permeability  is  lowered. 

Perpendicular  anisotropy,  with  the  easy  axis  normal  to  the  ribbon  plane,  produces 
a  very  fine  internal  domain  structure  and  a  closure-domain  structure  at  the  surfaces. 
Magnetization  in  longitudinal  fields  will  generally  involve  both  rotation  and  domain- 
wall  motion,  yielding  intermediate  properties. 


Easy-axis  orientations  between  these  three  limiting  cases,  or  oblique  aniso¬ 
tropies,  can  also  be  produced.  The  resulting  combination  of  properties  may  be 
favorable  for  particular  applications. 

C.  Pre-Contract  Work 


Prior  to  the  present  contract,  we  had  studied  domain  structures  in  amorphous 
metals  by  Bitter  and  scanning-electron-microscopy  (SEM)  techniques  (1-6),  in  support 
of  the  General  Electric  development  program  for  amorphous  metal  distribution 
transformers.  Emphasis  had  been  on  ribbons  with  longitudinal  anisotropy,  although 
oblique  in-plane  anisotropy  was  also  studied  (5). 

We  proposed  in  August  1981  to  use  our  techniques  to  study  anisotropy  and  domain 
control  in  amorphous  metals.  Special  emphasis  was  placed  on  transverse  and  oblique 
anisotropies  because  of  their  importance  in  transducer  and  high-frequency  applica¬ 
tions.  Domain  observations  were  to  be  coupled  with  magnetomechanical  measure¬ 
ments  by  A.  E.  Clark  and  co-workers  at  the  Naval  Surface  Weapons  Center  (NSWC). 


In  preparation  for  the  contract,  a  simplified  model  of  the  magnetomechanical 
properties  of  transverse-anisotropy  ribbons  was  developed  (7).  (Appendix  A)  The 
treatment  emphasizes  the  importance  of  a  low  and  uniform  anisotropy  in  producing 
high  magnetomechanical  coupling,  and  is  similar  to  that  independently  developed  by 
Spano  et  al.  (8).  Plans  for  specific  domain  experiments  were  developed  after  a  visit  to 
NSWC  in  November  1981. 


to 
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Section  2 

CONTRACT  PROGRESS 

The  major  results  to  date  were  reported  at  the  1982  Intermag  Conference  in 
Montreal  in  July  (9).  (Appendix  D)  Samples  studied  included  GE-p repared  samples  and 
transverse-annealed  ribbons  from  NSWC  with  known  magnetomechanicai  properties. 

A.  Equipment 

Domain  contrast  in  the  SEM  depends  on  the  angle  between  the  electron  velocity 
and  the  magnetization  vector.  The  sample  holder  used  in  previous  studies  provided 
optimum  contrast  for  longitudinal-anisotropy  ribbons,  but  contrast  was  low  for 
transverse  anisotropy.  A  new  sample  stage  was  developed  that  permits  tx.th  rotation 
and  tilting  of  the  sample  to  achieve  optimum  domain  contrast  for  various  orientations 
of  the  magnetization.  After  slight  modifications  indicated  by  initial  experiments,  this 
new  sample  stage  produced  excellent  domain  contrast  in  transverse-anisotropy  ribbons, 
as  can  be  seen  from  Figs.  1-3  of  Appendix  B. 

B.  Effects  of  Ribbon  Geometry 

Domain  widths  in  transverse-anisotropy  ribbons  were  found  to  be  of  the  order  of 
100  pm,  about  an  order  of  magnitude  narrower  than  in  longitudinal-anisotropy  ribbons. 
Zero-field  domain  widths  are  finer  in  narrow  ribbons  than  in  wide  ribbons  (Fig.  la  and 
b,  Appendix  B),  and  appear  to  oe  only  slightly  sensitive  to  magnetic  history. 

These  various  results  indicate  that  domain  widths  in  transverse-anisotropy 
ribbons  are  governed  largely  by  energetic  considerations.  The  energy  of  the  domain 
walls  themselves  favors  coarse  domains,  but  the  magnetostatic  energy  associated  with 
transverse  demagnetizing  fields  favors  fine  domains.  Narrower  (cr  thicker)  ribbons 
have  a  larger  transverse  demagnetizing  factor  and  therefore  the  energy  balance  tips 
towards  finer  domains. 

C.  Effects  of  Anisotropy  Constant 

Conclusions  here  were  reached  by  comparisons  of  transverse-anisotropy  ribbons 
of  Allied  2605SC  (Fe^jB^  ^Si^  jCj)  and  26C5CO  (Fe^CojgB^Sij).  Magnetic  measure¬ 
ments  made  on  these  ribbons  at  NSWC  indicated  that  the  magnetic  anisotropy  constant 
in  these  CO  ribbons  was  more  than  an  order  of  magnitude  higher  than  in  the  SC 
ribbons. 
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Domains  in  the  CO  ribbons  were  generally  straighter  than  in  the  SC  ribbons,  in 
which  domain  curvature  from  residual  or  unintentional  applied  stresses  and  from  edge 
demagnetizing  fields  was  often  severe  (Figs.  2  and  3,  Appendix  B).  The  higher 
anisotropy  of  the  CO  ribbons  apparently  ties  the  magnetization  more  rigidly  to  the 
transverse  direction,  more  closely  approaching  the  idealized  models  of  References  7 
and  8.  This  important  result  is  one  reason  why  the  properties  of  low-anisotropy  alloys 
like  SC  depart  from  theoretical  predictions. 

Another  interesting  result  was  that  domains  were  generally  finer  in  CO  ribbons 
(Fig.  1,  Appendix  B)  than  in  SC  ribbons  (Fig.  2,  Appendix  B).  This  is  contrary  to 
expectations  based  on  domain-wall  energy  alone,  and  results  from  the  effect  of 
anisotropy  constant  on  the  transverse  demagnetizing  energy  through  the  y*-effect. 
According  to  classical  domain  theory,  demagnetizing  fields  will  lead  to  a  rotation  of 
the  magnetization  away  from  the  easy  direction.  The  susceptibility  to  this  rotation, 
U*,  varies  as  K"*,  and  becomes  dominant  in  the  energy  balance  in  low-anisotropy 
materials.  As  noted  earlier,  magnetomechanical  coupling  will  be  affected. 

D.  Effects  of  Applied  Field 

Application  of  a  dc  longitudinal  field  to  transverse-anisotropy  ribbons  led  to 
decreased  domain  contrast.  This  results  from  magnetization  rotation  towards  the  field 
direction,  since  it  is  the  opposite  components  of  transverse  magnetization  that 
produce  the  contrast. 

More  unexpectedly,  the  dc  longitudinal  field  also  led  to  a  domain  refinement 
(Fig.  lc,  Appendix  B).  Review  of  the  literature  revealed  that  domain  refinement  by 
hard-axis  magnetization  had  also  been  observed  in  some  crystalline  materials,  and  may 
be  associated  with  the  gradual  transition  from  Bloch  to  Neel  walls  expected  in  this 
field  orientation. 

E.  Effects  of  Applied  Stress 

Application  of  longitudinal  tensile  stresses  to  ribbons  with  transverse  or  in-plane 
oblique  anisotropy  produced  rotation  of  the  domains  (Fig.  4,  Appendix  B).  Measure¬ 
ment  of  the  rotation  angle  with  stress  was  used  to  determine  the  ratio  K/X^,  where  K  is 
the  anisotropy  constant  and  X^  is  the  saturation  magnetization. 

In  agreement  with  theory,  domain  rotation  with  stress  was  found  to  be  much 
more  abrupt  with  transverse  anisotropy  than  with  oblique  anisotropy.  Detailed 
analysis  of  this  effect  reveals  the  sensitivity  of  magnetomechanical  coupling  to  slight 
deviations  of  the  anisotropy  K  from  the  transverse  direction. 
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F.  Work  to  be  Continued 

Several  other  experiments  have  shown  promising  results  and  will  be  continued  in 
an  extension  of  this  contract. 

We  have  examined  domain  structures  in  alloys  heat-treated  to  produce  optimum 
high-frequency  properties,  in  particular  low  eddy-current  losses.  Results  to  date 
indicate  transverse  or  perpendicular  anisotropies,  probably  resulting  from  internal 
stresses  produced  by  partial  crystallization. 

We  have  annealed  several  samples  in  fields  with  a  large  component  normal  to  the 
ribbon  plane,  in  the  hope  of  producing  an  out-of-plane  oblique  anisotropy.  Such  an 
anisotropy  produces  low  eddy-current  losses  in  silicon  iron  through  domain  refinement, 
and  a  similar  effect  in  amorphous  metals  would  be  of  interest.  Significant  domain 
refinement  has  been  observed  in  some  samples,  but  concurrent  domain  alignment  and 
improved  properties  have  not  yet  been  achieved. 

The  effect  of  anisotropy  constant  on  equilibrium  domain  widths  is  being  studied 
quantitatively  in  transverse-annealed  ribbons  of  Co^q  ^Si^B^.  This  zero- 
magnetostriction  alloy  was  chosen  for  study  because  the  kinetics  of  the  development 
and  reorientation  of  the  induced  anisotropy  had  previously  been  documented  in  detail 
by  workers  at  the  University  of  Pennsylvania.  Samples  of  various  anisotropy  levels 
have  been  received  from  Dr.  T.  Jagielinski,  and  domain  widths  and  behavior  have  been 
characterized.  Changes  in  domain  width  with  time  have  been  observed  at  the  lowest 
anisotropy  levels.  This  work  will  be  presented  at  the  1983  Intermag  Conference  in 
Philadelphia.  The  abstract  submitted  has  been  included  as  Appendix  C. 
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Nagnetomechanical  Properties  of  Amorphous  Metals 

By 

J.  D.  Livingston 

Amorphous  metals  have  magnetomechanical  properties  superior  to  those  of  crystalline  magneto- 
strictive  materials,  and  are  therefore  being  considered  for  a  variety  of  transducer  and  sensor 
applications.  A  simplified  model  is  presented  of  magnetomechanical  coupling  in  amorphous  metal 
ribbons,  showing  the  relation  between  magnetomechanical  behavior  and  fundamental  material 
parameters.  Although  high  values  of  magnetization  and  magnetostriction  are  important,  it  is 
primarily  the  low  values  of  magnetic  anisotropy  achievable  that  give  amorphous  metals  their 
outstanding  magnetomechanica!  coupling.  The  magnitude  and  homogeneity  of  this  anisotropy  is 
controllable  through  choice  of  alloy  composition  and  annealing  conditions. 

Amorphe  Metalle  haben  bessere  magnetomechanische  Eigenschaften  als  kristnlline  Werkstoffe, 
und  werden  deshalb  fur  Anwendungen  als  Energieumwandler  und  Kraftubertrager  betrachtet. 
Ein  vereinfachtes  Modell  der  magnetomeehanisehen  Kopplung  in  amorphen  metallischen  Bandern 
wird  gegeben,  das  die  Beziehung  zwischen  magnetomechanischem  Verhalten  und  grundlegenden 
Parametem  des  Werkatoffes  erklart.  Obwohl  hohe  Werte  der  Magnet isierung  und  Magnetostrik- 
tion  wichtig  sind,  stammen  die  hervorragenden  magnetomeehanisehen  Kopplungseigenschaften 
in  amorphen  Meta  Hen  hauptsachlich  von  den  niedrigen  Werten  der  magnetischen  Anisotropie. 
Die  Werte  und  die  Homogenitiit  der  Anisotropie  werden  durch  die  Legierungszusammensetzung 
und  die  Aniadbedingungeu  kontrolliert. 

1.  Introduction 

Amorphous  metals  have  been  shown  to  have  magnetomechanical  properties  superior 
to  those  of  any  previous  magnetic  materials  [I  to  5].  As  a  result,  they  are  being  con¬ 
sidered  for  a  variety  of  transducer  and  sensor  applications.  As  a  guide  to  understanding, 
optimizing,  and  applying  these  properties,  we  present  here  a  simplified  model  of 
magnetomechanical  coupling  in  amorphous  metal  ribbons. 

In  amorphous  metals,  tht  major  sources  of  magnetic  anisotropy  are  structural 
anisotropies  induced  by  annexing  under  magnetic  field  (and  or  applied  stress)  and 
magnetostrictive  anisotropies  produced  by  the  interaction  between  magnetostrictive 
strain  and  applied  or  residual  stresses.  Magnetomechanical  properties  are  determined 
by  the  competition  between  these  two  sources  of  anisotropy. 

2.  Model 

We  consider  an  amorphous  metal  ribbon  annealed  in  a  large  magnetic  field  parallel 
to  the  ribbon  width  to  produce  a  widthwise  magnetic  easy  axis.  We  assume  a  first- 
order  uniaxial  anisotropy,  with  an  energy  contribution  of  Au  cos4  0-per  unit  volume, 
where  A"n  >  0  and  0  is  the  angle  between  the  magnetization  (assumed  to  remain  in 
the  ribbon  plane)  and  the  ribbon  length.  With  zero  applied  field  and  zero  applied 
stress,  the  resulting  domain  structure  will  be  as  shown  in  Fig.  la.  A  longitudinal 
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Fig.  1.  a)  Zero-field  domain  structure  of  transverse- 
annealed  amorphous  ribbon,  b)  Domain  structure  of 
transverse-annealed  ribbon  in  longitudinal  magnetic 
field  H<HX 
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* 
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magnetic  field  H  will  rotate  the  magnetization  from  the  width  towards  the  length 
direction  (Fig.  lb)  and  make  a  contribution  to  the  energy  density  of  —MSH  cos  0 
where  J/,  is  the  domain  magnetization  per  unit  volume.  Finding  the  angle  d  for 
minimum  energy  yields  for  the  longitudinal  component  of  magnetization 


if  =  if,  cos  6  =  if,  —  (H  ^  Ha)  , 
if  A 


(1) 


where  Hx  =  2 KJM%  is  the  anisotropy  field.  The  susceptiblity  is  constant  for  H  <  Hk 
and  equal  to 


_  dif  _  if  %  _  M; 
Ha  2Ka ' 


*  =  d. H 


(2) 


The  spontaneous  magnetostrictive  strain  in  each  domain  is  Aa  in  the  direction  of 
magnetization  and  -1,;2  in  orthogonal  directions.  Thus,  as  the  magnetization  rotates 
from  the  width  to  the  length  direction,  the  longitudinal  strain  e  changes  from  —  A,/2 
to  +Alf  a  change  of  3A,/2.  As  a  function  of  0,  and,  through  equation  (1),  as  a  function  of 
H ,  the  longitudinal  strain  is  given  by 


Hence 


3  A,/  1\  3  XJH*  1\ 


de  3  kjl 


dU  Hi  * 

This  measure  of  magneto  mechanical  coupling  reaches  a  maximum  at  H  =  Hx, 


J  _ 

°max  —  T7 

a 


3  At3/a 

~2K„  ' 


(3) 


(4) 


(5) 


We  now  consider  the  application  of  a  longitudinal  stress  <r,  wh>h  produces  an 
anisotropic  contribution  to  the  energy  density  of  — A,(7  cos2  0  [6].  Thus  the  net 
anisotropy  energy  will  now  be  [Ka  —  -§-At<7)  cos2  0.  For  Asc r  >  0,  i.e.  tensile  stress  on 
a  positive-magnetostriction  material  or  compressive  stress  on  a  negative-magneto¬ 
striction  material,  the  stress  has  the  effect  of  lowering  the  net  anisotropy  from  to 
(Xa  —  The  magnetic  easy  axis  will  remain  in  the  width  direction  as  long  as 

<7  <  ac  =  2Ka/3A#,  but  will  abruptly  switch  to  the  length  direction  for  o  >  ac.  We  will 
consider  only  the  former  case. 

Magnetization  behavior  will  be  as  before  with  H x  replaced  by  a  reduced  anisotropy 
field 

2  Kv  -  3A %o 


if. 


(<r^  oc). 


(6) 
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This  dependence  of  e  on  H  and  a  is  shown  graphically  in  Fig.  2  c  and  d. 

A  parameter  of  direct  importance  in  transducer  and  sensor  applications  is  d  = 
=  (ce'cH)a  =  (tJ/  co)h>  the  so-called  piezomagnetic  strain  constant.  (These  two 
partial  derivatives  are  equal  through  Maxwell’s  relations.)  This  quantity  reaches  a 
maximum  value  at  H  =  H\a  of 


3A,  __  3AtJ/s 

H\<s  —  2Kn  ~3V‘ 


(13) 


Another  important  parameter  for  comparing  materials  is  the  magnetomechanical 
coupling  factor  k,  which  is  related  to  the  fractional  energy  transfer  between  magnetic 
and  mechanical  energy,  and  thus  is  a  basic  index  of  energy  conversion  capability  [7,  8], 
It  can  be  related  [7]  to  the  parameters  already  derived,  and  equals 


which  reaches,  at  H  =  //Aa,  a  maximum  value  of 


k 


max  — 


2Ka  -  3^1-W  ^  l 

9X;Em  J  “ 


(15) 


For  applications  based  on  changes  in  elastic  modulus,  the  parameter  of  interest  is 
the  fractional  difference  between  the  elastic  modulus  at  constant  magnetization  and 
the  modulus  at  constant  field.  From  (12), 


A E  Eyt  -  Er  = 

reaching  a  maximum  at  H  =  H\a  of 


3.  Discussion 

It  is  clear  from  (13),  (15),  and  (17)  why  some  Fe-rich  amorphous  ribbons  have  superior 
magnetomechanical  properties.  For  an  unstressed  sample,  dmax  depends  on  Kaf 
and  and  (A£7AH)max  depend  on  A;£,W/ A"u.  Fe-rich  amorphous  alloys  can  have 
substantial  magnetostriction  constants  (/,  =  (25  to  50)  x  10~6)  and.  more  importantly, 
can  have  very  low  anisotropies.  For  example.  Allied  2605SC  (FemB13.5Si3.3C,)  has  been 
annealed  to  produce  Ku  =  38  J/m*,  Hx  —  70  A/m  (0.9  Oe),  and  <rc  =  0.7  MPa 
(lOOpsi)  [5],  It  is  these  low  values  of  Ku,  Hx,  and  ac  that  permit  rotation  of  the  magnetiza¬ 
tion  and  accompanying  magne tost ric tire  strain  with  low  applied  fields  or  stresses ,  yielding 
outstanding  magnetomechanical  properties. 

For  2605SC  a  coupling  constant  k  of  0.98  and  a  A  E-Eft  exceeding  ten  have  been 
estimated  [5].  Most  crystalline  magnetostrictive  materials  have  ^-values  of  0.3  or 
lower  and  A EjEg  less  than  unity.  Even  the  rare-earth- iron  compounds  with  giant 
magnetostriction  constants,  which  are  currently  being  considered  for  sonar  applica¬ 
tions,  have  only  k  «  0.7  (competitive  with  piezoceramic  materials  such  as  lead  titanate 
zirconate)  [8,  9]. 
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The  equations  also  show  that  the  application  of  a  longitudinal  stress  a  can  further 
reduce  the  effective  anisotropy  and  increase  the  magnet oaieehanical  coupling.  The 
maximum  values  given  by  (13),  (15),  and  (17),  however,  are  only  achieved  at  a  precise 
balance  of  field,  stress,  and  anisotropy  given  by  H  =  Hxa •  Further,  in  many  applica¬ 
tions  it  may  not  be  desirable  to  further  increase  magneto  mechanical  coupling.  Allied 
26058C  may  already  be  too  sensitive  for  some  applications. 

This  simplified  model  has  assumed  that  Au,  Ag,  M%f  Em,  H,  and  o  are  all  completely 
homogeneous  throughout  the  sample.  In  reality,  there  are  likely  to  be  inhomogeneities 
in  all  these  quantities  (leading,  for  example,  to  rounding  of  the  “knee”  of  the  magneti¬ 
zation  curve  [5]).  Surface  defects  and  irregularities  will  lead  to  local  variations  in  a , 
as  will  any  components  of  bending  or  twisting.  The  non-ellipsoidal  shape  of  the  sample 
leads  to  variations  in  H.  More  importantly,  the  material  parameters  will  be  inhomo¬ 
geneous,  particularly  Kn.  A  major  source  of  variations  in  Aa  will  be  internal  stresses, 
which  will  lead  to  variations  in  both  the  amplitude  and  the  direction  of  the  net  an¬ 
isotropy.  It  is  thus  necessary  that  the  anneal  be  sufficient  to  remove  the  internal 
stresses  present  in  the  as-cast  ribbon  without  inducing  significant  crystallization. 
This  may  be  difficult  in  alloy  compositions  with  low  crystallization  temperatures. 

Spano  et  al.  [5]  have  observed  in  2605SC  the  linear  decrease  of  with  a  predicted 
by  (8),  but  found  a  minimum  y^x  in  excess  of  that  expected  from  the  demagnetizing 
factor  alone.  This  minimum  may  result  from  the  inhomogeneity  in  anisotropy,  8 Ka, 
which  prevents  H\a  from  reaching  zero  simultaneously  at  all  points  in  the  sample. 
If  this  is  the  source  of  the  observed  minimum  ffl9  we  conclude  8AU  0.27 Au  « 
^  10  J'm3.  If  this8Au  results  from  internal  stresses,  their  magnitude  is  8 a  ^  0.2  MPa 
(30  psi).  The  presence  of  internal  stresses  of  this  magnitude  in  an  annealed  sample  is 
not  unreasonable.  The  8Kn  value  so  estimated  can  also  be  used  in  (13),  (15),  and  (17) 
to  estimate  the  upper  limits  of  the  various  magnetomechanical  parameters  obtainable 
by  stressing. 

The  properties  desired  for  high  magnetoraechanical  sensitivity  are  high  /«,  J/a,  and 
Exf,  and  low  (and  homogeneous)  Au.  All  these  quantities  vary  with  alloy  composition. 
In  particular,  the  induced  anisotropy  constant  Au  of  Fe-base  amorphous  alloys  is 
increased  strongly  by  the  presence  of  additional  transition  elements  such  as  Xi  or  Co 
[10,  11].  This  is  probably  why  the  coupling  factors  of  Allied  2605CO  (Fe^Co^B^Sq) 
were  inferior  to  those  of  2605JSC  [1]. 

The  value  of  A'u  is  also  sensitive  to  annealing  temperature  and  time,  the  kinetics 
of  A'tl  development,  and  relief  of  quenched-in  stresses  both  increasing  with  increasing 
temperature,  but  the  ultimate  value  of  A'u  decreasing  as  the  Curie  temperature  is 
approached  [10  to  12].  In  many  alloys,  a  simple  transverse-field  anneal  may  not 
be  able  to  both  remove  the  internal  stresses  and  also  achieve  minimum  A'u.  It  may 
be  necessary  to  first  anneal  in  zero  or  longitudinal  field  to  remove  internal  stresses 
and  then  anneal  in  transverse  field  for  a  short  rime  at  the  same  or  a  lower  temperature 
to  produce  a  low  transverse  Ku.  Cooling  rate  may  also  influence  A'n. 

In  some  alloys,  there  may  be  changes  in  Ku  during  low-temperature  aging.  This 
would  clearly  be  undesirable,  and  lack  of  severe  aging  effects  should  be  another 
criterion  for  material  selection.  There  may  also  be  problems  of  reproducibility  of  Au 
and  other  material  parameters  from  sample  to  sample.  The  equations  presented 
suggest  that  some  of  these  potential  problems  could  be  controlled  in  device  applications 
with  the  use  of  applied  stresses  to  adjust  or  tune  the  effective  anisotropy  (A'u  —  -t/.9<t) 
of  the  sample. 

We  have  considered  the  simple  case  of  uniform  H  and  or  a  directed  exactly  per¬ 
pendicular  to  the  induced  anisotropy  A'u.  This  yields  the  maximum  magnetomechanical 
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coupling.2)  The  treatment  can  easily  be  extended  to  different  relative  orientations 
of  H ,  <r,  and  Knt  but  the  equations  become  more  complex.  Bending  or  twisting  stresses 
can  be  considered,  and  here  the  non-uniform  a  also  decreases  the  overall  magneto¬ 
mechanical  coupling.  Nevertheless,  geometries  producing  bending  or  twisting  will 
be  advantageous  in  some  device  applications.  In  some  applications,  choice  of  material 
and  operating  conditions  will  be  governed  not  by  maximum  magnetomechanical 
sensitivity,  but  by  maximum  ranges  of  linear  response  [13]. 

The  magnetization  process  in  the  domain  geometry  assumed  is  pure  rotation 
(Fig.  lb),  with  no  contribution  from  domain-wall  motion.  Thus  eddy-current  losses 
should  approximate  those  calculated  from  classical  theory,  i.e.  there  should  be  no 
‘ 'anomalous’ *  losses.  Because  of  the  thinness  of  the  ribbons  and  the  high  resistivity 
of  the  amorphous  alloys,  these  classical  eddy-current  losses  should  be  very  low,  far 
lower  than  those  of  conventional  magnetostrictive  materials.  Another  advantage  of 
amorphous  materials  in  magnetomechanical  applications  is  their  high  mechanical 
strength. 


4.  Summary 

A  simplified  model  has  been  used  to  demonstrate  why  amorphous  metals  can  exhibit 
outstanding  magnetomechanical  properties.  Although  high  values  of  Xr  Mv  and  E M 
are  needed,  a  low  value  of  Kn  is  of  primary  importance.  The  need  for  a  low  and 
homogeneous  Ku  should  guide  the  selection  of  alloy  composition  and  annealing  con¬ 
ditions  for  optimum  properties. 
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*)  The  results  would  have  been  similar  if  the  magnetic  easy  axis  had  been  normal  to  the  ribbon 
plane  rather  than  widthwise.  However,  such  an  easy  axis  requires  surface  closure  domains  with 
in-plane  magnetization  [6],  and  magnetomechanical  effects  would  be  somewhat  reduced  unless 
there  was  also  in-plane  anisotropy  to  assure  a  widthwise  magnetization  direction  for  these  closure 
domains. 
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SEM  techniques  are  used  to  study  domain  structures  in  amorphous  ribbons  with  transverse  or  oblique 
magnetic  anisotropy  Domain  widths  are  much  finer  than  in  nbbons  with  longitudinal  anisotropy,  and  vary 
with  ribbon  dimensions  and  anisotropy  constant.  The  effects  of  applied  magnetic  fields  and  applied  stresses 
are  also  discussed. 


PACS  numbers:  75.60.Ch.  75.50.Kj 


INTRODUCTION 

Id  amorphous  alloy  ribbons,  the  easy  aais  of 
induced  magnetic  anisotropy  can  b#  varied  by  varying 
tba  orientation  of  the  magnetic  field  applied  during 
annealing.  For  60-Hz  transformer  applications,  a 
longitudinal  easy  axis  has  normally  been  induced. 
However,  recent  studies  [1,2]  bsve  shown  that  an 
obliqua  or  transverta  easy  axis  products  loner  ec 
losses  because  of  (e)  domain  refinement  end  (b)  an 
incraasing  component  of  rotation  in  the  magna tixation 
proeasa  (thus  decreasing  the  component  associated  with 
domain-well  motion).  Tbis  rednetion  of  eddy-enrrent 
losses  is  particularly  important  for  high-frequency 
appl icat iona,  and  samples  with  transverse  anisotropy 
tasttd  at  50  kflz  have  been  shows  to  approach 
classi cal ly-ealculated  powar  losses.  i.e.,  with 
virtually  no  "anomalous"  losses  associated  with  wall 
motion  (3).  Transverta  magnatic  anisotropy  also 
produces  maximum  magnetomechanical  coupling,  and  is 
tharafore  of  interast  for  transducer  and  sansor 
appl icat ions. 

Domain  observation!  are  important  for 
understanding  of  magnetic  and  magnetomechanical 
properties,  bnt  most  prior  studies  have  been  on  es-cast 
or  longitudinally-annealed  ribbons.  We  report  here 
domain  structures  in  ribbons  with  oblique  or  trensversc 
anisotropy,  including  the  effects  of  ribbon  dimensions, 
induced  anisotropy  constants,  applied  magnetic  fields 
and  applied  stresses. 


EXPER  DENTAL 


Transverse-anisotropy  ribbons  of  two  different 
widths  (0.16  cm  end  1.27  cm)  of  each  of  two  different 
alloys  were  received  from  the  Naval  Surface  Weapons 
Center.  The  ribbons  of  Allied  2605  CO  (Fe^c0  p  S i ^ ) 
averaged  31  urn  in  thickness  end  the  ribbons  ox  Allied 
2605  SC  (Fe_  jSi,  *C,)  averaged  19  \m  in  thickness, 
as  measured**/  metal lographic  sectioning.  Transverse 
anisotropy  bed  been  produced  by  annealing  in  a  large 
(>1  kOe )  magnetic  field  parallel  to  the  ribbon  width. 
The  2605  CO  ribbons  bed  been  annealed  for  10  minutes  at 
367*C,  the  2605  SC  ribbons  for  10  minutes  at  about 
380*C. 

Alao  studied  were  samples  of  ^gg^jSi.Cj .  1.27  cm 
wide  end  20  pm  thick,  produced  et  General  Electric  end 
annealed  for  2  hours  at  34|*C  to  produce  oblique  or 
treesverse  magnetic  anisotropies  [1].  Semples  ebont  10 
am  long  were  mounted  in  the  sample  stage  employed  in 
onr  previous  studies  (4).  Designed  for  insertion  in  a 
JEOL  200  kV  SEM,  this  stage  allows  in-situ  application 
of  tensile  stresses  end  dc  end  ec  magnetic  fields  to 
the  sample. 

Transverse- asses ltd  ribbons  vert  mostly  studied  in 
a  new  sample  stage  which  allows  both  rotation  and 
tilting  of  the  sample  to  achieve  optimum  domain 
eontraet.  Ribbons  4  cm  long  were  generally  rotated  so 
that  the  tilt  axis  was  parallel  to  the  ribbon  width 
(end  initial  magnetisation  diraetion).  Domain 
observations  more  mado  on  tho  nir  serf  seas  of  tho 


ribbons  since  the  surface  features,  which  also  produce 
SEM  contrast,  are  leas  sevara  on  these  surfaces. 

RESULTS 

Magnetic  domain  structures  in  the  trass  cree- 
annealed  2605  CO  rib^ai  arc  shown  in  Fig.  1.  Average 


Fin.  1  Transverse- annealed  2605  CO  ribbons,  (e)  Narrow 
ribbon  after  200  Hz  demagnetization.  (b)  Wide  ribboa 
after  200  Hz  demagnetization.  (e)  Same  with  applied 
longitudinal  dc  fiald  of  approximately  10  0a.  In  tkaae 
and  subsequent  figures,  longitudinal  axis  of  ribbon  is 
horizontal  and  arrows  indicate  1  am.  In  above  figures, 
ribbon  edge  visible  at  bottom. 
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domain  vidtbi  sftsr  deaagae t ixat ion  with  200  Ha 
longitudinal  fields  ware  45  pa  in  the  aarrow  ribboa 
(Fig.  la)  and  70  urn  is  the  wide  ribboa  (Fig.  lb). 
Further  dosain  refinement  occurs  aloag  the  ribboa  edge 
through  the  formation  of  spike  domains,  especial ly  in 
the  wide  ribboa. 

Applicatioa  of  a  dc  loagitudiaal  aagaetic  field 
dots  aot  alter  the  traaaverse  orieatatioa  of  the 
aagaetic  doaaias.  but  does  decrease  the  doaaia  coatrast 
aad  produces  further  doaaia  refiaeaeat  (Fig.  lc). 
Huuoval  of  the  dc  field  leaves  a  doaaia  structure  that 
la  10-20%  fiaer  than  that  of  the  ac-deaagaet i zed  state. 
Doaaias  were  also  observed  after  applicatioa  aad 
r**oval  of  a  dc  field  of  6  kOe  ia  the  traasverse 
direction,  i.e.,  parallel  to  the  doaaia  width  and 
aagaetic  easy  axis.  Doaaia  widths  were  fouad  to  be 
siailar  to  those  following  200  Ha  deaagac t itatioa  ia 
loagitudiaal  fields  (Figs,  la,  b). 

The  doaaia  structure  of  the  aarrow  2605  SC  ribboa 
after  this  transverse  field  treatoeat  is  shown  in  Fig. 
2as  The  doaaias  are  wider  and  wavier  than  those  in  the 
2605  CO  ribbon,  and  there  is  considerable  curvature  and 
splitting  of  the  aagaetic  domains  along  the  ribbon 
edge.  Most  of  the  observations  reported  above  for  the 
2605  CO  alloy  were  qualitatively  siailar  for  the  2605 
SC.  The  average  doaaia  width  after  deaagae fixation  ia 
200  Bz  loagitudiaal  fields  was  higher  in  the  wide 
ribbon  than  ia  the  narrow  ribbon  (150  ym  vs.  120  pa). 
Applicatioa  of  a  dc  loagitudiaal  field  reduced  doaaia 
coatrast  and  produced  domain  refinement.  After  removal 
of  this  field,  domains  were  finer  than  after  200  Hz 
deaagae tizat ion.  However,  regardless  of  field  history, 
domains  were  always  coarser  and  wavier  in  2605  SC  than 
ia  2605  CO. 

One  uausual  observation  was  a  very  marked 
curvature  of  the  domains  near  one  edge  of  the  wide  2605 
SC  ribboa  (Fig.  2b).  This  edge  had  been  mechanically 
cut,  aad  extensive  shear  beads  were  visible  along  the 


Fla.  2  Traeaver se-aaaea 1 ed  2605  SC  ribbons,  (a)  Narrow 
ribboa  after  dc  deaagae t isatioa  ia  traaaverae  field, 
iatb  edges  of  ribboa  visible.  (b)  tide  ribbon  after 
200  Is  daaaguet test  ion,  with  domain  curvature 
Indicating  rest  duel  stresses  aloag  cat  edge,  which  is 
wialbla  at  bottom. 


•dga  by  optical  microscopy.  Edges  of  the  astro*  ribboa 
bad  also  been  cat,  but  apparently  rtsidaal  ttresacs 
were  leaa  severe. 

Domains  in  tha  transver se-anaeal ed  GE  alloy  were 
siailar  to  those  ia  2605  SC.  After  deaagae tizatioa  ia 
200  Hz  loagitudiaal  fields  (Fig.  3),  tha  average  doaaia 
width  was  180  pa.  As  shown  ia  Kef.  1,  done  ins  in 
oblique-anisotropy  ribbons  of  this  alloy  were  coarser, 
iateraediate  between  the  above  widths  aad  the  1.4  aa 
widths  of  longitndiaal-ani sotropy  ribbon.  Application 
of  a  longitudinal  tensile  stress  to  these  ribbons 
produced  doaaia  rotation  towards  the  longitudinal 
direction  (Fig.  4).  For  the  obi ique-ani sotropy 
ribboaa,  doaaia  rotation  with  increasing  stress  was 
gradual,  aad  the  stress  required  to  align  the  doaaias 
wet  higher  for  higher  initial  angles  of  inclination. 
However,  domains  in  the  transverse-annealed  ribboa  were 
fonnd  to  rotate  from  traaaverae  to  longitudinal  more 
abruptly  with  increasing  stress. 

DISCUSSION 

Donaiaa  ia  the  2605  CO  ribbons  were  fonnd  to  be 
consistently  streighter  and  finer  than  those  in  the 
other  ribbons.  Ve  believe  thst  both  these  observations 
ataa  froa  the  higher  induced  anisotropy  constant  E  of 
tha  2605  CO  alloy.  Spano  et  al.  [51  determined  K  -  38 
J/a^  for  thesa  2605  SC  ribbons.  From  comparison  of 
measnred  anisotropy  fields  [1,5,6],  we  estimate  E  for 
the  GE  alloy  to  be  about  twice  this  vulue,  und  E  for 
2605  CO  to  be  about  an  order  of  msgsitnde  greater 
still. 

The  higher  sni  sotropy  of  2605  CO  ties  the 
magnet  last  ion  more  rigidly  to  the  transverse  direction 
than  ia  the  low-ani sotropy  2605  SC  and  GE  alloys,  ia 

which  edge  deaugnet iz ing  fields  and  residual  or  applied 
stresses  as  low  as  1  MPa  can  significantly  deflect 
doaaias.  Snch  deviations  in  magnetization  direction 
will  cause  departure  froa  aagaetic  and 
magne toae chan i cal  properties  calculated  assuming 
perfect  trunsverse  magnetization  [5,7]. 

Doaaia  widths  in  deaagae ti zed  transverse- 
anisotropy  ribbons  appear  to  be  governed  primarily  by 
equilibrium  considerations.  The  energy  associated  with 
domain  walls  favors  coarse  domains,  but  the 
magnetostatic  energy  associated  with  transverse 
demagnetizing  fields  favors  fine  doaaias.  In  low- 
anisotropy  Materials,  the  anisotropy  constant  K  affects 
both  (eras.  The  doasin-wall  energy  per  unit  tree,  y, 
increases  as  E1^*.  However,  the  asgnetosts ti c  energy 
can  be  strongly  reduced  by  deviations  of  the 
magnetization  direction  near  the  sample  edge,  the  so- 
called  |i*-affect.  This  effect  depends  on  |i,*  the 
susceptibility  to  magnetization  rotation,  which  varies 
as  E~*.  According  to  the  theory  of  Eaczer  [8], 
equilibrium  domain  width  varies  it  (yn*)1'  ,  and  hence 
es  E~1/6.  Thus,  the  much  higher  E  of  2605  CO  will  lead 


Fit.  |  Transverse-annealed  GE  Fe-B-Si-C  ribbon  after 
200  Hz  demagnetization.  Domain  curvature  probably 


•anted  by  saall  ualattat tonal  applied  stresses. 


7038 


J.  Appt  Phya.  Voi  53.  No  11.  NovtmDmr  1962 


Uvmgtton  Moms,  and  Lubomky  7B38 


to  finer  doasins.  The  greater  thickness  of  tbs  2605  CO 
ribbons  undoubtedly  also  contributes,  sines  this 
increases  tbs  transvsrse  deaagne tiling  factor. 

For  longitudinal* an isotropy  ribbons,  200  Bs 
dsaagns titat ion  prodnesd  aneb  finsr  doasins  than  do 
dsaagnstisation  [41.  This  was  clsarly  not  an 
equilibrium  offset,  and  rssnltsd  froa  tbs  assd  for  aors 
180*  walls  to  hasp  up  with  tbs  aors  rapid  aagnetization 
changss  required  under  ac  conditions.  Tbs  saas 
argnasnt  doss  not  bold  for  transverse-anisotropy 
ribbons,  sines  aagns t iaatlon  in  longitudinal  fields 
occurs  priaarily  by  rotation  rather  than  wall  notion. 
Vs  observed  in  fact  a  slight  inverse  effect,  i.e., 
finsr  doasins  after  dc  dsaagnstisation  than  after  ac 
dsaagnstisation.  Vs  believe  tbs  latter  doaain  widths 
are  closer  to  equilibriua,  the  widths  after  dc 
dsaagnstisation  being  a  non-equil ibriua  reanant  of  the 
doaain  refineaent  observed  under  applied  longitudinal 
field  (Fig.  lc).  The  loss  of  doaain  contrast  seen  in 
this  figure  results  froa  aagnet isation  rotation  towards 
the  field  direction,  since  it  is  the  differing 
coaponents  of  transverse  nagnetixation  that  produce  tbs 
contrast.  Tbs  refineaent  of  transverse  doasins  by 
longitudinal  field  is  reainiscent  of  the  refineaent  of 
longitudinal  doasins  by  transverse  field  reported 
earlier  (91.  Doaain  refineaent  by  hard-axis 
aagnetisation  has  been  observed  also  in  crystalline 
aaterials  [10,11],  and  aay  be  associated  with  a 
transition  froa  Bloch  to  Nfel  walls  [11]. 

The  doaain  rotation  produced  by  applied  tensile 
stress  (Fig.  4)  can  be  understood  in  teras  of  the 
superposition  of  the  anneal- induced  anisotropy  at  angle 

to  the  ribbon  axis  and  a  stress-induced  anisotropy 

■  3X#o/2  along  the  ribbon  axis,  where  o  is  the 
applied  stress  and  X  is  the  saturation  aagnetisation. 
Salzaann  and  Hubert  112}  have  shown  how  the  variation 
of  doaain  angle  with  stress  can  be  used  to  calculate 
Using  their  equation,  the  rotation  observed  in 
Fig.  4  can  be  used  to  yield  t/X  -  J  MPe.  Estimating 
A#  -  30x10  yields  1-90  %ltm  ,  close  to  that 
estiaated  earlier  for  this  alloy  froa  magnetic  data. 
Their  equation  also  shows  that  as  t  approaches  90* , 
doaain  rotation  with  increasing  stress  becoaes  more 
abrupt,  as  observed  experimentally .  In  their  idealized 
aodel  assuming  both  anisotropies  to  be  first-order 
uniaxial  anisotropies,  for  ideal  transverse  anisotropy 
(#  “  90*),  the  aagnetic  easy  axis  will  change  abruptly 

froa  transverse  to  longitudinal  at  E  *  in  reality, 
inhoaogene i ties  and  higher-order  anfsotropy  teras  will 
aahe  the  transition  more  gradual. 


Fi t .  4  ( bl i aue- annealed  GE  Fe-0-Si-C  ribbon  showing 
rotation  of  domains  by  longitudinal  tensile  stress  of 
(a)  0  MPa,  (b)  3  MPa,  (c)  7  MPa,  (d)  14  MPa.  Serrated 
iaage  of  soae  walls  results  froa  saall  applied  ac  field 
(4). 


SUMMARY 

1)  Domains  in  t ran averse- sal  sot ropy  ribbons  are 
anch  finer  than  In  longitudinal -an isotropy  ribbons 
because  of  the  transverse  deaagne tising  factor. 
Doasins  are  finer  in  narrow  ribbons  than  la  wide 
ribbons. 

2)  Doasins  la  a  high-anisotropy  alloy  (2605  00) 
are  straighter  than  in  the  lower- an isotropy  2605  SC  and 
GE  alloys,  in  which  doaain  curvature  froa  residual  or 
applied  stresses  and  local  deaagne tising  fields  can  be 


3)  Doasins  are  finer  In  the  2605  CO  ribbons  than 
in  the  other  ribbons,  partly  because  the  higher  K 
decreases  the  ji-effect  on  magnetostatic  energy,  and 
partly  because  of  greater  thickness. 

4)  Application  of  a  dc  longitudinal  field  to 
transverse-anisotropy  ribbons  decreases  doaain  contrast 
and  produces  doaain  refineaent,  Soae  of  this 
refineaent  is  retained  on  reaoval  of  the  field,  leading 
to  slightly  finer  doaains  after  dc  demagnetisation  than 
after  ac  deaagne tisation. 

5)  Application  of  longitudinal  tensile  stresses  to 
ribbons  with  transverse  or  oblique  anisotropy  produces 
doaain  rotation,  which  can  be  used  to  determine  I. 
Doaain  rotation  is  aore  abrupt  for  transverse 
anisotropy  than  for  oblique  anisotropy. 
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EFFECTS  OF  ANISOTROPY  ON  DOMAIN  STRUCTURES  IN  AMORPHOUS  RIBBONS 
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Pennsylvania,  Philadelphia,  PA  19104 

Introduction 

Although  domain  widths  in  amorphous  ribbons  with  longitudinal  magnet¬ 
ic  anisotropy  are  determined  primarily  by  magnetic  history,  domain  widths  in 
transverse-anisotropy  ribbons  are  determined  primarily  by  energetic  consid¬ 
erations.  Equilibrium  domain  widths  are  determined  by  a  balance  between 
domain-wall  energy  and  the  magnetostatic  energy  associated  with  transverse 
demagnetizing  fields.  Earlier  work  on  several  Fe-rich  amorphous  alloys* 
indicated  an  influence  of  anisotropy  constant,  but  a  quantitative  relation¬ 
ship  was  not  established.  A  convenient  alloy  to  study  the  effects  of  ani¬ 
sotropy  constant  is  CoyQ^Fe^ySiisBlO.  since  the  kinetics  of  the  develop¬ 
ment  and  reorientation  of  induced  anisotropy  are  known  in  detail  for  this 
zero-magnetostriction  alloy. 

In  the  present  work,  1  ram-wide  ribbons  of  this  alloy  were  annealed 
in  transverse  field  at  various  temperatures  and  times  to  produce  transverse 
anisotropy  constants  varying  from  140  to  1950  ergs/cc.  Ribbons  with  lower 
anisotropy  were  produced  by  double  anneals  inducing  a  gradual  reorientation 
from  longitudinal  to  transverse  anisotropy.  Magnetic  domain  structures 
were  studied  by  scanning  electron  microscopy  (SEM)  to  determine  the  effects 
of  varying  anisotropy  on  domain  widths,  morphology,  and  bdhavior  under 
applied  magnetic  fields. 

Results 

Despite  the  modest  saturation  magnetization  of  this  alloy  8000 
gauss),  the  SEM  produced  good  domain  contrast,  as  seen  in  Fig.  1.  The  aver¬ 
age  domain  width  of  transverse-anisotropy  ribbons  in  a  standard  ac-demagnet- 
ized  state  was  found  to  decrease  with  increasing  anisotropy  constant  K  as 
r-1/6.  This  result  is  inconsistent  with  theoretical  predictions  of  the 
original  open-flux  domain  model  of  Kittel,  but  is  consistent  with  the  theo¬ 
ries  of  Kaczer^  and  Hubert^  that  incorporate  the  u*-effect,  i.e.,  the  de¬ 
flection  of  the  magnetization  vector  from  the  easy  direction  near  the  ribbon 
edge  by  the  demagnetizing  fields.  This  y*-effect  decreases  the  magneto¬ 
static  energy  of  transverse  demagnetizing  fields,  and  becomes  increasingly 
important  at  low  anisotropies,  thereby  increasing  the  equilibrium  domain 
width.  It  also  reveals  itself  by  increasing  domain  curvature  near  the 
ribbon  edge  as  anisotropy  decreases.  This  departure  from  perfect  transverse 
magnetization  will  influence  the  susceptibility  (and,  in  alloys  with  non-zero 
magnetostriction,  the  magnetomechanical  coupling)  of  transverse-anisotropy 
ribbons.  The  refinement  of  transverse  domains  by  applied  longitudinal 
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Fig.  1.  Magnetic  domain  structure  in  Co7Q.3Fe4 ,7Sii5B^Q  ribbon  annealed  to 
produce  a  transverse  anisotropy  constant  of  1950  ergs/cc.  Arrows  Indicate 
1  mm . 

fields  reported  earlier  for  Fe-rich  alloy  ribbons^*  is  not  observed  in  these 
ribbons,  suggesting  that  magnetostriction  may  have  been  a  major  cause  of 
the  refinement  observed  earlier. 

In  double-annealed  ribbons  with  very  low  transverse  anisotropy, 
domain  structures  were  coarse,  irregular,  and  more  dependent  on  magnetic 
history  than  in  the  ribbons  with  higher  transverse  anisotropy.  After  ac 
demagnetization,  domain  structures  were  observed  to  coarsen  with  time  over 
periods  of  many  minutes.  Domain  widths  approach  the  ribbon  width,  and  the 
theories  of  Kaczer  and  Hubert  are  no  longer  valid. 

Ribbons  with  longitudinal  anisotropy,  including  as-cast  ribbon,  con¬ 
tained  only  one  or  two  domain  walls  in  the  demagnetized  state.  Dynamics  of 
the  reversal  process  (nucleation  and  growth  of  reverse  domains)  could  be 
studied  in  detail  by  varying  the  applied  magnetic  field  during  production  of 
the  scanning  image. 

This  work  was  supported  in  part  by  ONR. 
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